INTRODUCTION
Gemini surfactants, consisting of two monomeric surfactants linked with a spacer, are an important class of functionalized amphiphilic molecules with remarkable physicochemical properties. When compared with conventional monomeric surfactants, the corresponding gemini surfactants generally present a lower critical micelle concentration cmc , a lower surface tension measured at the cmc, spontaneous formation of vesicles and/or wormlike micelles even at relatively low concentrations, and a lower Krafft temperature and good water solubility in the case of ionic gemini surfactants. These physicochemical properties of gemini surfactants allow for the reduction of total consumption of chemicals in industrial products, and therefore, gemini surfactants are deemed to be environmentally friendly materials.
There are a number of excellent reviews focusing on the historical background, syntheses, and physicochemical properties of gemini surfactants 1 5 . In the current short review, two classes of gemini surfactants recently developed by our research group are introduced: the fi rst series consists of the gemini surfactants synthesized from oleic acid and the second consists of polymerizable gemini sur-
OLEIC ACID-BASED GEMINI SURFACTANTS
As mentioned in the Introduction, gemini surfactants are environmentally friendly materials. The use of gemini surfactants, instead of conventional monomeric ones, allows for the reduction of the total consumption of surfactants in chemical products owing to of their excellent adsorption and molecular association micellization capabilities in aqueous media. Nevertheless, the number of commercially available gemini surfactants is very limited 6 . This is because the synthesis of gemini surfactants is generally more complicated than that of monomeric surfactants, and the starting materials used in the synthesis of gemini surfactants are usually costly, therefore, the costs associated with the synthesis and purification of gemini surfactants are prohibitive. In order to facilitate the widespread use of gemini surfactants in a variety of applications, the development of low-cost strategies for the synthesis and purifi cation of these gemini surfactants is essential. On the basis of this background, oleic acid-based gemini surfactants have been developed by our research group. Oleic acid is the basis of human sebum and stratum corneum cell lipids, and hence, it is a biocompatible, ecological, and relatively low cost material. Indeed, from the standpoint of its chemical structure, we hypothesize the following two points: it is possible to modify the cis double bond with various kinds of hydrophilic headgroups through relatively simple chemical reactions to achieve cost-effective syntheses, and it is possible to introduce a hydrocarbon chain at the terminal carbonyl group via the amide or ester bonding. These two synthetic strategies allow for the design of a wide variety of gemini surfactants, as well as for control of the hydrophilic/hydrophobic balance of the surfactants by variations in the hydrocarbon chain length and the type of hydrophilic headgroups. Both of these features are advantageous to the development of environmentally friendly surfactants for a wide variety of industrial products.
The chemical structures of the oleic acid-based gemini surfactants developed by our research group are shown in Fig. 1 . These include anionic phosphate-type 7 , sulfonictype 8 , carboxylic-type, and nonionic sugar-type surfactants. These compounds exhibit the following general features relating to their chemical structures: fi rstly, with the exception of the carboxylic-type gemini surfactant, it is diffi cult to introduce two identical hydrophilic headgroups to the cis double bond 9 and 10 positions . The introduction of two non-identical hydrophilic headgroups into the 9 and 10 positions of oleic acid proceeds unselectively, resulting in a mixture of two regioisomers. For example, in the case of the phosphate-type gemini surfactant, the phosphate group is unselectively introduced to either the 9 or 10 position, and the fi nal product obtained is a mixture of these regioisomers. Secondly, the reaction mechanism also suggests that the fi nal product is a mixture of the enantiomers of each regioisomer; and fi nally, the change in the hydrocarbon chain length covalently bound to the terminal carbonyl group results in a change in the geometrical symmetry of the surfactant molecules. This paragraph presents a brief summary of the aqueous solution properties of the phosphate-type gemini surfactants 7 . The static surface tension data Fig. 2a in combination with the pyrene fluorescence I 1 /I 3 data Fig. 2b suggest that increasing the hydrocarbon chain length from 6 to 10 results in a decreased critical association concentration cac . These cac values are much lower than that measured for the monomeric surfactant sodium dodecyl phosp h a t e , 3 . 5 m m o l d m 3 i n t h e a b s e n c e o f a d d e d electrolytes 9 . Indeed, on the basis of Gibbs adsorption analysis, the occupied area per surfactant molecule adsorbed at the air/aqueous solution interface is estimated to be decreased with increasing chain length. These results are rationalized by the fact that the increased hydrocarbon chain length results in an increased hydrophobicity of the surfactant molecules. Figure 2c shows a cryogenic transmission electron microscope cryo-TEM image of the sur- factant assemblies observed at a concentration well above the cac, and evident in this image is the presence of vesicular objects. The presence of such vesicular assemblies has also been confi rmed on the basis of dynamic light scattering DLS data 10 . Our recent studies focusing on the sulfonic-type gemini surfactants synthesized from oleic acid and petroselinic acid have suggested that the adsorption and molecular association capabilities are infl uenced not only by the hydrocarbon chain length, but also by the molecular symmetry i.e., the ratio of the two hydrophobic chain lengths 8, 11 .
Although the oleic acid-based gemini surfactants developed by our research group are obtained using the reduced cost strategy, their sale prices are still more expensive than those of conventional monomeric surfactants. Importantly, our preliminary experiments have demonstrated that some of the oleic acid-based gemini surfactant samples exhibit excellent biodegradability and low or no skin irritant effects. We anticipate, therefore, that these gemini surfactants will fi nd application in the formulation of high-performance chemical products in the fields of cosmetics, personal care and medical applications, etc.
POLYMERIZABLE GEMINI SURFACTANTS
Surfactant micelles are generally dynamic assemblies in continuous exchange with free molecules. Polymerizable surfactants have been developed for enhancing the kinetic and/or mechanical stability of such molecular assemblies in aqueous solutions and emulsion droplets stabilized by amphiphilic molecules 12 . Polymerized structures are effectively insensitive to dilution effects and the polymerized assemblies persist even below the cmc of the original non-polymerized micelles 13 . Numerous examples of successful polymerization of molecular assemblies e.g., micelles, vesicles, lyotropic liquid crystals, etc. , without any dramatic changes in their original morphology, are presented in a prior review article focusing on polymerizable surfactants 14 .
A recent trend in the field of developments of novel gemini surfactants lies in the addition of functionalities. Such gemini surfactants behave as functional materials while maintaining their gemini characters. On the basis of this recent trend, we have developed gemini surfactants with polymerizable groups covalently bound to the terminus of the hydrocarbon chains 15 17 . The chemical structures are shown in Fig. 3 . The benefits of polymerizable gemini surfactants over polymerizable monomeric surfactants are summarized as follows: effective intermolecular polymerization is expected to occur because of the presence of two polymerizable groups in the molecules, it is possible to polymerize the surfactant fi lms formed at gas/liquid, liquid/liquid and solid/liquid interfaces even at low added concentrations and the surfactant films polymerized at such interfaces are expected to be homogeneous and closely packed at the molecular scale. The third benefi t presented is accrued by two main mechanisms: the first one is the greater adsorption density observed for gemini surfactants over monomeric ones particularly at the air/aqueous solution and solid/aqueous solution interfaces , when comparing their adsorption data normalized by the number of hydrocarbon chains 18 ; and the second is that gemini surfactants give less curved aggregates at the solid/aqueous solution interface when compared with the corresponding monomeric ones, as a result of their larger packing parameter it has been reported that, when compared to the surfactant aggregates formed in bulk solution, surface aggregates tend to favor lower curvature but follow the same general variation with surfactant geometry 19 .
The TEM images of the polymerized assemblies of the cationic gemini surfactants presented in Fig. 4 show the formation of a spherical micellar assemblies, b lamellar assemblies and c hexagonally arranged assemblies. The spherical micellar assemblies are formed in an aqueous solution of the gemini surfactant PC11-2-11 without added electrolytes 15 , whereas the other two assemblies are formed in the three component mixtures of the gemini surfactant PC11-6-11 / water / alcohol 1-undecanol . It is notable that the original assembly structure is intrinsically retained even after the polymerization. Interestingly, the polymerized assembly of the reverse hexagonal liquid crystal formed in the three component mixtures retains the uniform arrangement, and the structure looks like an organic mesoporous material Fig. 4c . Our ongoing project is the fabrication of novel organic-inorganic hybrid ma- Fig. 3 Chemical structures of polymerizable gemini surfactants.
terials, using the hexagonally structured material as a template or a reaction fi eld. The polymerizable gemini surfactants are useful in improving the stability of micro/nano-ordered small bubbles dispersed either in water or in a water/glycerin mixture 20 .
These small bubbles have been developed for use as an ultrasound contrast agent. The modification of the bubble surface by an antibody marker allows for the selective targeting of the small bubbles to tumor cells. The use of an ultrasound imaging technique enables us to see the location of the small bubbles and hence, to confi rm the presence of tumor cells. Here, the addition of the polymerizable anionic gemini surfactant PA12-2-12 results in the formation of long-lived bubbles with a diameter of ca. 200 nm.
CONCLUDING REMARKS
In this short review, we have introduced our recent studies focusing on syntheses, physicochemical properties, and potential applications of gemini surfactants. As mentioned in the text, gemini surfactants have been developed not only as environmentally friendly materials that reduce the consumption of surfactants in chemical products, but also as functional organic materials. It is expected that on the basis of these concepts, further studies will be carried out from the industrial standpoint as well as from the academic one, where helpful comments from readers regarding this short review will be gratefully appreciated.
Fig. 4 TEM images of polymerized assemblies
observed for systems of (a) PC11-2-11/water 15) and (b, c) PC11-6-11/water/1-undecanol.
(Reproduced from reference 15 by permission of American Chemical Society.)
